Dimeric tri(tert-butyl)cyclopentadienyliron(II) bromide [Cp Fe(µ-Br) (4), depending on the reaction conditions. The mesityl complex 4 undergoes rearrangement and adds via the mesityl ipso carbon atom to bromide 1 with formation of 3. A similar reaction occurs with the nickel analog of bromide 1. In the latter case, however, mesityl is replaced by tolyl during reaction in toluene, with phenyl in benzene, and remains unchanged if the reaction is carried out in pentane solution. An electrophilic attack at the arene solvent used is discussed for the exchange reaction. For the crystallographically characterized complexes 3 and [Cp Fe(µ,η 1 :η 5 -C 6 H 4 Me)Ni(Br)Cp ] (5) with a meta-tolyl ligand a significant deviation of the Cp Fe fragment from a symmetrical position above the six-membered ring ligand raises questions regarding a possible contribution of a cyclohexadienylylidene resonance structure.
Introduction
The dinuclear iron compound [{ 4 CpFe(µ-Br)} 2 ] [1] { 4 Cp = η 5 -C 5 H(CHMe 2 ) 4 } is one of very few highspin cyclopentadienyl complexes of iron(II) [2] and exhibits a high reactivity towards nucleophilic reagents. The structural diversity of complexes formed in reactions of the dimer [{Cp Fe(µ-Br)} 2 ] (1) with both substituted and unsubstituted phenolates [3] , especially the oxocyclohexadienyl complex formed by π coordination of 2,6-di(tert-butyl)phenolate, stimulated us to carry out similar reactions with aryl anions.
Results and Discussion
When tri(tert-butyl)cyclopentadienyliron(II) bromide (1) was reacted with phenylmagnesium bromide in tetrahydrofuran, dark-blue blocks of the dinuclear complex [{Cp Fe} 2 (µ,η 5 :η 5 -H 5 C 6 =C 6 H 5 )] (2) could be isolated in good yield. While coupling of two phenyl anions to a dianionic dicyclohexadienylidene ligand has rarely been observed in tran-0932-0776 / 09 / 0100-0011 $ 06.00 c 2009 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com sition metal chemistry [4, 5] , the coupling product 2 is analogous to the known dinuclear pentamethylcyclopentadienyliron complex [{Cp * Fe} 2 (µ,η 5 :η 5 -H 5 C 6 =C 6 H 5 )] obtained by two-electron reduction of the dicationic biphenyl complex [{Cp * Fe} 2 (µ,η 6 :η 6 -H 5 C 6 -C 6 H 5 )] 2+ [6] . Full characterization of 2 along with an investigation of its behavior under mass spectrometry conditions and theoretical calculations will be the subject of a separate communication [7] .
In order to suppress the carbon-carbon coupling reaction by steric protection, mesitylmagnesium bromide was selected for reactions with 1. A test reaction was carried out by addition of solid mesitylmagnesium bromide to a toluene solution of 1 which yielded a complex product mixture, from which only one compound could be isolated in low yield as black crystals. The paramagnetic product was characterized by C, H analysis and 1 H NMR spectra and identified by crystal structure analysis as [(C 5 H 2 R 3 )Fe(µ,η 5 :η 1 -C 6 H 2 Me 3 )FeBr(C 5 H 2 R 3 )] (3) (R = CMe 3 ), a rare example with cyclopentadienyliron(II) moieties of differ-Scheme 1. Formation of complexes 2 -4 from 1. ent spin states in one molecule [8] (Scheme 1). This is obvious from the iron-Cp ring distances in the crystal structure of 3 ( Fig. 1, Table 1 ), which is 1.71Å for the sandwich substructure, and 2.04Å for the iron bromide fragment with 16 valence electrons. The latter value is unprecedented for cyclopentadienyliron complexes, and the difference between both numbers resembles Mn-ring plane distances in the low-spin and 
; n = number of reflections, p = number of parameters.
high-spin isomers of 1,1 -dimethylmanganocene (1.73 vs. 2.05Å [9] ).
The ipso carbon atom of the former mesityl ligand (C30) displays a rather weak interaction with Fe1 and establishes an η 1 -coordination to Fe2. The C30-Fe2 distance of 2.128(2)Å found for 3 is comparable to Fe-C distances of 2.147(7) and 2.104(6)Å found for [Fe(1-naphthyl) 4 ] 2− [10] as an example for high-spin Fe(II)-aryl bond lengths, but compares also well with the 2.13/2.14Å Fe-C distances found for
. Low-spin iron complexes with Fischer carbene ligands have much shorter Fe-C bonds and are not comparable [12, 13] .
The location of Fe1 above the six-membered ring (C30 -C35 are coplanar with deviations of less than 0.01Å) leads to distinctly different Fe1-C distances, the longest being Fe1···C30 with 2.210(2)Å. The three Fe-C bonds to carbon atoms on the opposite side of the ring (C32-C34) are significantly shorter (2.086(3) -2.112(3)Å), and the two ortho neighbors of C30 reside at Fe1-C distances of 2.135(3) and 2.138(2)Å (Fig. 1) . Moreover, the projection of Fe1 onto the ring plane is much closer to C33 (para, 1.379Å) than to C30 (ipso, 1.525Å).
The most acute C-C-C angle in the six-membered ring is at the ipso position (C30, 115.46 • , average of the other five C-C-C angles 120.90 • ). The longest C-C bonds are also found at C30 (C30-C31 and C30-C35 with 1.428(4)/1.422(4)Å), and the two shortest C-C bonds are those connecting para C33 with its neighbors (1.398(4)/1.391(4)Å).
A magnetic moment of 2.95 B. M. in solution [14] corresponding to two unpaired electrons indicates an intermediate spin situation [15] .
The formation of dinuclear complexes 2 and 3 requires a reactive intermediate formed from bromide 1 and the phenyl-or mesitylmagnesium reagent. In an attempt to isolate this reactive intermediate, the reaction of 1 with one equivalent of mesitylmagnesium bromide was carried out in tetrahydrofuran by rapid addition of a solution of mesitylmagnesium bromide to a solution of 1. The σ -mesityl complex [(C 5 H 2 R 3 )FeC 6 H 2 Me 3 ] (4) could be isolated in high yield from the reaction solution (Scheme 1). The light-green crystals of 4 gave rather poor diffraction data which allowed identification of 4 as a monomeric σ -mesityl complex as drawn in Scheme 1, but do not permit a discussion of structural details.
A magnetic moment of 5.50 B. M. in the solid state confirmed the Fe(II) high-spin configuration with four unpaired electrons. In EI mass spectra of 4 the molecular ion (m/z = 408.2) was found with 12 % intensity. The parent peak corresponded to loss of one methyl group (m/z = 393.2). A control reaction of the mesityl complex 4 with the bromo complex 1 in toluene afforded a 57 % yield of the paramagnetic diiron complex 3 (Scheme 1), which was identified by its proton NMR signals (see Experimental Section).
When the mesityl complex 4 was reacted with [{Cp Ni(µ-Br)} 2 ] [16] (the nickel analog of 1) in toluene (Scheme 2), the red-brown reaction solution turned purple within 48 h at r. t. A proton NMR spectrum of the crude product revealed a mixture of three diamagnetic complexes with similar and partially overlapping sets of signals. By X-ray crystal structure analysis one of the products could be shown to be the iron/nickel analog 5 of the diiron species 3 with one significant difference: Instead of the expected complex [Cp Fe(C 6 H 2 Me 3 )NiBrCp ] with a bridging mesityl unit, the crystalline component contained only one methyl group on the bridging six-membered ring ligand. Since the reagents used had been tested for tolyl impurities with negative result, the toluene solvent is proposed as source of the new ligand, whose metalation most likely follows an electrophilic route (Scheme 3).
In pentane the reaction proceeds as expected. If toluene or benzene are used as solvents, the mesityl ligand is replaced by a tolyl or phenyl moiety, respectively. For a mechanistic interpretation see NMR spectra of 6 and 7 show the expected signal patterns for two Cp ligands each, and the signals for the six-membered ring, whose ipso-C signals are found at 165 (6) and 160 (7) ppm. 13 C NMR signals of the carbene C atom of N-heterocyclic carbene ligands in cyclopentadienylnickel complexes [CpNi-(NHC)X] (X = Br, I; NHC = 2,5-di-or 2,3,4,5-tetraalkyl-imidazolylidene ligand) are found at 179 -180 ppm [17] , whereas the signal of the mesityl ipso-C atom in the dimethylaminoethylcyclopentadienyl complex [(H 4 C 5 CH 2 CH 2 NMe 2 )Ni(C 6 H 2 Me 3 -2,4,6)] appears at 125.4 ppm [18] .
The crystal structure of 5 shows that the sandwich part of the molecule is very similar to the corresponding part of the diiron complex 3 (Fig. 2) . The projection of Fe1 onto the planar six-membered ring lies much closer to para C33 (1.365Å) than to ipso C30 (1.570Å). The effect is even stronger than for complex 3, probably because of an increased steric interactions with the second metal fragment due to the short bond Ni-C30 (1.89Å). This value compares well with 1.92Å for the 1,3-dimesitylimidazol-2-ylidene complex [(C 5 H 5 )NiCl{C(NMes) 2 From another point of view, the bridging ring of the complex is a pentadienyl anion, whose ends are linked together by a carbene function to a cyclohexadienylylidene ligand. This view finds some support in the unsymmetric coordination of Fe1 to the six ring carbon atoms and in the pattern of intra-ring C-C distances and C-C-C angles. The π electrons of the pentadienyl part of a half-open ferrocene provide resonance stabilization for the carbene function bridging the ends of the pentadienyl moiety. A parallel to N-heterocyclic carbenes (NHC) may be drawn, where the carbene is stabilized by π donation from the nitrogen lone pairs as discussed by Frenking et al. [22] . The parallel does not extend, however, to the pull-push situation of NHCs including the σ acceptor behavior of the hetero atoms [23] , but a structural analogy can be drawn according to which the dinuclear coupling product 2 corresponds to NHC dimers with a C=C double bond, the oxocyclohexadienyl complex [Cp Fe-(η 5 -OC 6 t Bu 2 H 3 )][3] to urea derivatives, and the complexes 3 as well as 5 -7 to metal complexes of N-heterocyclic carbenes.
It has to be admitted, however, that steric interactions between the two complex fragments involved could be responsible for the dislocation of Fe1 out of a symmetric coordination to the six-membered ring ligand. This possibility weakens the strongest argument for the carbocyclic carbene character of the bridging six-membered ring and calls for complexes with less bulky metal fragments coordinating to the ipso carbon atom of the same sandwich moiety. Such complexes and theoretical calculations concerning structure and bonding will be discussed in the following publication of this issue [24] .
Experimental Section

Tri(tert-butyl)cyclopentadienyliron bromide dimer (1)
To a solution of FeBr 2 (DME) (1.66 g, 4.6 mmol) in DME (30 mL) [25] 
Tri(tert-butyl)cyclopentadienyliron(µ,η 5 :η 1 -1,3,5-trimethylcyclohexadienyl-6-ylidene)bromotri(tert-butyl)cyclopentadienyliron (3)
To an orange-red solution of 1 (228 mg, 0.31 mmol) in toluene (5 mL) solid 4 (250 mg, 0.61 mmol) was added, and the solution was stirred for 12 h at ambient temperature. After centrifugation the black solution was evaporated to dryness. The black residue was washed with a small amount of pentane and dissolved in a minimum amount of toluene. Slow evaporation at ambient temperature gave 274 mg (0.34 mmol, 57 %) of 3 as a black, microcrystalline solid. -Anal. for C 43 
Mesityl{tri(tert-butyl)cyclopentadienyl}iron (4)
To a forest-green solution of 1 (300 mg, 0.41 mmol) in tetrahydrofuran (5 mL) a solution of C 6 H 2 Me 3 MgBr(THF) (240 mg, 0.82 mmol) in tetrahydrofuran (5 mL) was added dropwise, and the mixture was stirred for ca. 5 min at ambient temperature. The solution turned dark green and was evaporated to dryness. Extraction of the solid residue with pentane (20 mL), centrifugation and reduction of the extract in volume to ca. 2 -3 mL produced light-green crystals of 4 upon standing at ambient temperature for 1 d in 210 mg (0.51 mmol, 63 %) yield. . Satisfactory elemental analyses could not be obtained due to slow decomposition of pentane solutions and of the solid at r. t., and due to the extreme air sensitivity of the compound.
To a dark-brown solution of [Cp Ni(µ-Br)] 2 (230 mg, 0.31 mmol) in toluene (5 mL) solid 4 (250 mg, 0.61 mmol) was added, and the solution was stirred for 48 h at ambient temperature. After centrifugation the purple solution was evaporated to dryness. The dark, waxy residue was washed with a small amount of pentane and dissolved in a minimum amount of toluene/pentane (1 : 1). Slow evaporation at ambient temperature gave 271 mg (0.36 mmol, 59 %) of a mixture of isomers, which could not be separated by repeated crystallization. A single crystal of 5 could be selected from the mixture. -Anal. for C 41 To a dark-brown solution of [Cp Ni(µ-Br)] 2 (46 mg, 0.062 mmol) in benzene (2.5 mL) a solution of 4 (50 mg, 0.12 mmol) in benzene (2.5 mL) was added, and the solution was stirred for 72 h at ambient temperature. After centrifugation the purple solution was evaporated to dryness. The dark residue was washed with a small amount of pentane and dissolved in deuterobenzene for characterization by 1 
Crystal structure determination
Details of the crystal structure determinations have been listed in Table 1 . CCDC 699659 and 699660 contain the supplementary crystallographic data for this paper. These data can be obtained free of charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data request/cif.
